Purpose To investigate intra-and inter-rater reliability of the ultrasound measurement of transversus abdominis (TrA) thickness and thickness change (difference between thickness at rest and during contraction) in asymptomatic, trained subjects. To define the number of repeated measurements that provide acceptable level of reliability. To investigate variability of the measurements over time of 5 days and the reliability of duplicate analysis of images. Methods A single-group repeated-measures design was used to assess reliability. Healthy volunteers (n = 10) were subjected to 1-week training in voluntary activation of TrA. Real-time ultrasound imaging and subsequent measurement of the TrA thickness at rest and during voluntary contraction were repeated on Monday, Wednesday and Friday of the next week. Results Using a single repeated measurement, intraclass correlation coefficients (ICCs) for TrA thickness were: 0.86-0.95 (intra-rater), 0.86-0.92 (inter-rater); and for TrA thickness change: 0.34-0.56 (intra-rater), 0.47-0.61 (interrater). Using the mean of three repeated measurements respective values were: 0. 97, 0.96-0.98; and 0.81-0.84, 0.80-0.90. No significant differences were found between mean values of TrA thickness as well as thickness change obtained on three consecutive measurement days. Duplicate analysis of the images was highly reliable with ICCs of 0.89-0.99. Conclusions Two repeated measurements for TrA thickness and at least three measurements for TrA thickness change are needed to achieve acceptable levels of intraand inter-rater reliability. In healthy trained volunteers TrA thickness and thickness change are relatively stable parameters over a 5-day period. Duplicate analysis of the same images by two blinded observers is reliable.
Introduction
Ultrasound (US) tests of lateral abdominal muscles activation became popular together with the evolution of motor control exercises in the treatment of low back pain [1] [2] [3] . Most of the studies focus on measurements of transversus abdominis (TrA) thickness and thickness change between rest and contracted state. These parameters are regarded quick and easy to obtain, non-invasive indicators of the TrA performance which is crucial for stability and control of the lumbar spine [2, 3] . Authors conclude that US measurement of TrA thickness generally shows acceptable reliability in healthy persons [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and patients with low back pain [12, [17] [18] [19] [20] [21] [22] . Results concerning TrA thickness change are still contradictory or unclear.
A few studies have investigated percent TrA thickness change. For measurements taken on the same day Costa et al. [20] showed moderate intra-rater reliability, Kiesel et al. [12] reported good intra-rater reliability, Koppenhaver et al. [21] showed excellent intra-rater and good to excellent inter-rater reliability, and results from Mannion et al. [19] ranged from poor to excellent.
Only three studies [16, 20, 21] have investigated the reliability of TrA thickness change over time. Costa et al. [20] , using single measurements, reported poor betweenday reliability, whereas Koppenhaver et al. [21] provide evidence for moderate to good reliability using averaged outcomes of two repeated measurements. In turn, Jhu et al. [16] demonstrated moderate to good reliability, which was further improved by means of compensation for motion of the array.
To our knowledge only one study [23] mentions the learning effect associated with motor control tests and exercises. Herbert et al. [23] demonstrate quick improvement in lumbar multifidus activation using constant US feedback and link it to learning effect. Indeed, it may happen that rapid improvement occurring on the beginning of the training is in fact associated with better control, not with physical change of the muscle structure. In this study, we introduced a training of voluntary activation of the TrA prior to measurements. In this way we tried to minimize possible impact of the learning effect on the results. We assumed that after 1 week of training the influence of learning effect on TrA performance would reach its plateau. After eliminating factors that interfere with motor control (pain and learning effect) we could uncover the normal, 'clear' variability of TrA thickness and thickness change in healthy subjects which would be beneficial for the purpose of clinical reasoning in patients.
The objectives of the present study, regarding measurements of TrA thickness and thickness change, are:
1. To define the number of repeated measurements that provide acceptable level of reliability and verify results of Koppenhaver et al. [21, 22] . 2. To investigate intra-and inter-rater reliability of the measurements. To define cumulated influence of interrater source of error and of time-related variables, special attention is paid to between-day inter-rater reliability. No study has previously investigated this aspect, although in clinic or research US measurements are often repeated over a period of time by different raters. 3. To investigate whether measurements are stable over time of 5 days in asymptomatic, trained subjects. It is known that pain interferes with motor control of the abdominal muscles [4, 5, 24] and that there is strong learning effect on the beginning of motor control training [23] , both able to influence conclusions drawn from the measurements. 4. To investigate the reliability of duplicate analysis of US images using 'on screen' measurement technique in Photoshop 8.0 software (Adobe, San Jose, USA) which minimised visual distortions typical for the 'frame over the screen' method used previously [26] .
Subjects and methods

Participants
Of the 19 healthy volunteers who responded to our written call for participation, 12 (4 women) were eligible. During the procedure, two participants dropped out. Data are presented from 10 subjects (3 women): mean age 28.35 ± 2.58 years, weight 69.78 ± 5.34 kg, and height 175.23 ± 8.44 cm. Exclusion criteria were: recent (1 month prior to measurement) history of any low back pain, history of serious low back pain (duration of C2 weeks and/or resulting in disability and absence from work, and/or obliging to seek medical advice), history of surgery in the area of the lumbar spine, pelvis and lower extremities. All participants gave written informed consent. The study was approved by the local bioethical committee.
Raters
Two raters with limited experience in acquiring and analysing US images participated in the study. Both were graduated specialist in physiotherapy, Ph.D., students at our Department. The raters underwent a 2-week training (3 h/day on weekdays) in US imaging of the muscles of the lateral abdominal wall. This training was guided by an experienced specialist who was not directly involved in the study. After the training, the specialist decided the raters were skilled enough to fulfil their role in the study.
Measurement
A US imaging device Mindray DP 6600 (Mindray, Shenzhen, China) equipped with the 75L38EA linear array was used for the measurements (B-mode, frequency 5 MHz).
With their bladders and bowels empty, participants wearing non-restrictive clothes were positioned supine on the couch with their abdomen exposed. Their legs were parallel to each other, a roll (diameter 15 cm) was placed under the knees, arms were straight at the sides of the trunk, the head, neutral in frontal and transverse planes, in slight flexion. A line perpendicular to the midline of the body was drawn on the right side of the subject's abdomen at the height of the navel. Then, a crossing point with a vertical line running cranially from anterior superior iliac spine was marked on this line. The medial border of the array was placed at this point and the array was then moved laterally along the transverse line until three muscles of the lateral abdominal wall were properly visualized. The distance between the crossing point and final location of the medial border of the array was recorded for further measurements. During the procedure small adjustments of the array pressure and angle were allowed without moving it further on the surface of the skin. To recollect all sensations associated with voluntary contraction of the TrA, subjects performed 5 9 5-s contractions before measurements started. To minimise the effect of breathing, all images were recorded at the end of exhalation. The rater provided verbal commands: 'inhale', 'exhale' and, in case of TrA contraction, 'contract'. While one of the raters was operating the array, the second rater was responsible for recording the image on the sign given by the first rater.
Structure
All volunteers attended the introductory meeting during which they were checked against the exclusion criteria. Those who qualified for the study received detailed information on the objectives and procedures. Since we decided to use voluntary contraction of the TrA, at this point a convenient date was established to start the 1-week training procedure.
Training was based on an abdominal hollowing exercise preferentially activating TrA in relation to more superficial muscles [3, 17, 25] . On Monday, a volunteer was instructed by one of the raters using US guidance about voluntary activation of the TrA. After stable contraction was achieved it was repeated in two series of 10 9 5-s repetitions with a 2-min break between the series. Guided training sessions (with US feedback) were then performed on Wednesday and Friday. On the remaining days the subjects exercised at home using the same number of series and repetitions. In addition, they were given a brochure explaining the main points of the exercise. They were also requested to maintain their usual level of physical activity and to immediately inform the researchers about any pain/ ailments in the low back and/or legs.
Measurements, performed by the two raters (order randomized), started 1 week after commencing the training. Each rater acquired an image of the TrA at rest and during voluntary contraction. The cycle of rest-contraction was repeated three times giving a total of six images collected by each rater on 1 day. This same procedure was repeated on Wednesday and Friday. Figure 1 presents an outline of the study structure.
Data analysis
All images were transferred to the computer where they were subjected to analysis in Photoshop 8.0. After the brightness and contrast of the image were adjusted, the layers of fascia intersecting the abdominal muscles were selected using Photoshop tools and shaded in white. Then, three lines were drawn in 1/4, 1/2 and 3/4 of the width of the image along which measurements were taken (Fig. 2) . This procedure minimised visual distortions typical for the 'frame over the screen' method used previously [26] . The mean value of these three measurements was subjected to statistical analysis. All images were analysed separately by the two raters. To reduce bias, the names of image files were coded by a third person. Fig. 1 Structure of the measurements and of calculation of the intraclass correlation coefficients. In the left-hand section showing blocks with raters on consecutive measurement days, to see all comparisons taken into account, all linear arrows (inter-rater reliability) connecting blocks of rater A and rater B should be mirrored to the opposite side. Similarly, all solid arrows (intra-rater reliability) interconnecting consecutive blocks of rater B should be mirrored to the opposite side. In the upper right-hand section (solid gray background) structure of single set of measurements is illustrated. Intra-rater reliability 2/5 = within-rater reliability of measurements performed with 2-and 5-day break; inter-rater reliability 0/2/5 = between-rater reliability of measurements performed on 1 day and with a 2-and 5-day break, respectively Statistical analysis Percent differences in TrA thickness between rest and contracted state were calculated for all subjects and are further referred to as 'thickness change'.
To compare mean values of TrA thickness, we used a mixed model of ANOVA [repeated factor: condition (rest/contraction); independent factors: measurement day, rater]. To compare mean values of TrA thickness change factorial ANOVA was employed (independent factors: measurement day, rater). To compare mean values obtained in duplicate image analysis performed by the two raters, an independent Student's t test was used.
To calculate intraclass correlation coefficients (ICCs) a mixed model of ANOVA was applied to the data with results of consecutive measurements as repeated factor and subjects as independent factor. The reliability of measurements taken on the same day by one rater is not presented since it is inherently included in other types of intra-rater reliabilities (see Fig. 1 for reference) . Due to significant similarities of reliability estimates calculated during separate analyses, measurements of TrA muscle thickness at rest and during contraction were pooled and analysed together. This helped to avoid redundancy of results. Outcomes of this reliability analysis are referred to as 'muscle thickness'.
In addition, the standard errors of measurement (SEM ¼ SD Â ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À ICC p ) and the smallest detectable differences (SDD ¼ 1:96 Â SEM Â ffiffi ffi 2 p ) were calculated.
Results
Mean TrA thickness (across all performed measurements) was 3.61 ± 0.75 mm at rest and 5.43 ± 1.03 mm during contraction; the difference between these two conditions was significant (p \ 0.001). Over the course of 5 days TrA thickness showed no significant change. There was also no significant between-day difference in percentage thickness change. Mean thickness change (across all performed measurements) was 52.68 ± 20.04%. No significant interrater differences were recorded. Table 1 shows mean values (based on the three repeated measurements) obtained by the two raters on three consecutive measurement days. Measurements of muscle thickness showed good and excellent reliability irrespective of whether they were taken by one rater with a 2-and 5-day break (Table 2) , or by different raters on the same day and with a 2-and 5-day break (Table 3) . ICCs were 0.86 and higher. The highest SEM was 0.48 mm, and the highest SDD was 1.34 mm. Averaging the outcomes of repeated measurements had no marked influence on ICC values, but decreased SEMs and SDDs. Almost no difference was found between reliability estimates calculated from the means of two and three repeated measurements. Measurements of percent TrA thickness change showed poor to good reliability depending on whether the calculations were performed using outcomes of single measurements, or the mean of two and three repeated measurements. Comparable results were registered for measurements taken by one rater with a 2-and 5-day break (Table 2) and by different raters on the same day and with a 2-and 5-day break (Table 3) . ICCs calculated from single measurements were the lowest and associated with the largest confidence intervals. In such cases the SEM was higher than 14.53%, and the SDD higher than 40.27%. Using the mean of three repeated measurements, only ICCs Presented are intraclass correlation coefficient (ICC: ±95% confidence interval; models: 2,1 for single measurements 2,2 for two repeated measurements, and 2,3 for three repeated measurements), standard error of measurement (SEM) and smallest detectable difference (SDD). Intrarater reliability 2 describes reliability of measurements performed with a 2-day break (i.e. Monday-Wednesday, Wednesday-Friday); intra-rater reliability 5 describes reliability of measurements performed with a 5-day break (i.e. Monday-Friday) (see Fig. 1 ) Presented are intraclass correlation coefficient (ICC: ±95% confidence interval; models: 2,1 for single measurements 2,2 for two repeated measurements and 2,3 for three repeated measurements), standard error of measurement (SEM) and smallest detectable difference (SDD). Interrater reliability 0 describes reliability of measurements performed on the same day; inter-rater reliability 2 describes reliability of measurements performed with a 2-day break (i.e. Monday-Wednesday, Wednesday-Friday); intra-rater reliability 5 describes reliability of measurements performed with a 5-day break (i.e. Monday-Friday) (see Fig. 1) higher than 0.80 were registered; with SEMs and SDDs being less than 9.30 and 25.78%, respectively. Duplicate analysis of the same images by two raters showed excellent reliability for TrA thickness (ICC (2,1) = 0.99; 95% CI 0.99-0.99) and good for thickness change (ICC (2,1) = 0.89; 95% CI 0.87-0.90). No significant interrater differences between mean values were recorded.
Discussion
Our results indicate that the reliability of TrA US measures can be increased by averaging the outcomes of multiple repeated measurements. In case of muscle thickness, even single measurements proved to have good and excellent reliability; however, we recommend the use of two repeated measurements in clinical and research settings. No significant increase of ICC was registered after introducing a third repeated measurement. These findings are consistent with previous studies [6] [7] [8] [9] [10] [11] [12] [13] [14] [16] [17] [18] [19] [20] [21] [22] .
Single measurements do not provide satisfactory outcomes for TrA thickness change, with ICCs of 0.34-0.61, and SEMs of 14.53-18.91%. However, reliability based on average of three repeated measurements is good, with ICCs C0.80. This finding is in agreement with the results of Koppenhaver et al. [21, 22] . In summary, to obtain acceptable reliability we recommend two repeated measurements for muscle thickness and three repeated measurements for thickness change.
In our study, the reliability of the presented measurements remained relatively stable over time. Using a strictly standardized procedure and taking the average values of three measurements we encountered no significant decrease in the reliability estimates. To our knowledge no other study has investigated inter-rater reliability over time. It may be, however, particularly valuable in clinics where measurement of TrA thickness in a given patient is performed by one examiner and later repeated by another. After appropriate training and standardization of the procedure, reliable outcomes can be expected.
We have demonstrated that in healthy trained people TrA thickness at rest and during contraction, as well as TrA thickness change, are relatively stable parameters. Over the 5-day period we did not find significant differences in mean TrA thickness (both at rest and during contraction) and in thickness change. Mean thickness change for all measurements pooled was circa 53%. This is comparable to the results of Critchley and Coutts [27] , who recorded thickness change of 49.71% in pain-free controls, however, disagrees with values reported by Koppenhaver et al. [21] who found thickness change of about 80% in symptomatic subjects performing voluntary contraction of the TrA. Since evidence suggest that it is unlikely that patients would activate their muscles 'better' than asymptomatic subjects [27, 28] , we can speculate that it was positioning of the subject what determined observed differences. In the study of Koppenhaver et al. [21] , the largest TrA thickness change occurred in hook-lying while in supine position it ranged only from 13.1 to 17.9%. Since those authors do not provide a detailed description of subjects' positioning, we can only guess that, in our study, arrangement of the participants' body (supine with slight flexion of the knee joints) placed them somewhere between Koppenhaver's et al. [21] supine and hook-lying. Moreover, basing on our clinical experience, which may be similar to experiences of other specialists in the area, we can also speculate that the participants of the latter study might have forcefully activated TrA together with more superficial abdominal muscles. Patients with low back pain or those unfamiliar with voluntary activation of the TrA (participants of Koppenhaver's et al. [21] study performed only five repetitions of TrA contraction before measurement) sometimes try to 'brace' their abdomens using all muscles instead of activating TrA alone. In our trained asymptomatic subjects, more isolated contraction could have occurred, however, we are unable to provide appropriate references to support this hypothesis. In conclusion, we suggest that in the diagnostic process of the lateral abdominal muscles performance a pattern of activation of all muscles might be more useful than activation of TrA alone.
The proposed technique of image analysis by two different and blinded raters proved reliable. It seems to avoid distortions due to angle of observation typical for the 'frame over the screen' methods [26] and agrees with results of previous studies [20] . In case of muscle thickness, the reliability was excellent (ICC = 0.99). This finding confirms that most of the measurement error occurs during image acquisition and is not associated with further image analysis. Reliability of TrA thickness change (calculated separately by the two raters) was lower but still good (ICC = 0.89). For both TrA thickness and thickness change, we demonstrated that image analysis can be reliably performed by different but similarly trained raters.
Limitations
Results of our study are limited to asymptomatic, young people who underwent specific training of voluntary activation of the TrA. However, the findings seem clinically useful since they create a good reference (with no pain and learning effect interference) for symptomatic populations. The voluntary activation of the TrA may be considered a limitation as well. Evidence shows that a difference exists between TrA muscle response to voluntary or reflex activation [21] . Subjective and arbitrary adjustments of brightness and contrast during image analysis might constitute a source of error as well because when used inappropriately such adjustments may cause blurring of the muscle border and alter its perceived boundaries.
Conclusions
1. To achieve acceptable levels of intra-and inter-rater reliability, two repeated measurements of TrA thickness and at least three repeated measurements of TrA thickness change are needed. 2. Based on the average of three repeated measurements, intra-rater and inter-rater reliability of TrA thickness and thickness change range from good to excellent. Conflict of interest None.
